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BACKGROUND: Thrombelastography has received renewed interest in the perioperative setting. The main determinants of thrombelastographic results are coagulation factor concentrations (various zymogens and fibrinogen) and platelet count; thus, platelet inhibition renders these assays mainly coagulation factor dependent. Assays with and without platelet inhibition are thus increasingly used to trigger and monitor replacement therapy with blood products. In this study, we evaluated the effect of factor XIII inhibition and additional glycoprotein (GP) IIb/IIIa blockade on (platelet-inhibited) whole blood thrombelastography and whether a modified routine assay (using factor XIII antibody) can be used to detect factor XIII deficiency. METHODS: Normal whole blood was incubated with increasing amounts of a nonspecific antibody, an anti-GPIIb/IIIa antibody, or a neutralizing anti-factor XIII antibody; samples were analyzed with a tissue factor-activated and plateletinhibited whole blood thrombelastographic assay. Clotting time, clot formation time, maximum clot firmness, and clot lysis at 60 min were evaluated in triplicate. Also, 25 whole blood routine samples were evaluated for factor XIII deficiency using a new thrombelastographic assay incorporating a factor XIII antibody and using a standard factor XIII assay for comparison. RESULTS: Although GPIIb/IIIa inhibition did not alter the results of the plateletinhibited whole blood thrombelastography, factor XIII inhibition significantly reduced maximum clot firmness (P ϭ 0.020) and increased clot formation time (P ϭ 0.025) and clot lysis (P ϭ 0.007), leaving clotting time unchanged; a ceiling effect seemed to be present with increasing antibody concentrations in whole blood (but not plasma). The thrombelastographic assay for factor XIII deficiency (Ͻ70% activity) had a 90% sensitivity and negative predictive value (area under receiver operating characteristic curve 0.803, P ϭ 0.0015); for a deficiency Ͻ60%, sensitivity and negative predictive value were 100% (area under receiver operating characteristic curve 0.84, P ϭ 0.0037). CONCLUSION: Factor XIII has significant impact on platelet-inhibited activated whole blood thrombelastography. This phenomenon should be considered when interpreting thrombelastographic results in the bleeding patient, especially when the results trigger procoagulant therapy. Antibody-mediated factor XIII inhibition can be used to establish thrombelastography-based assays to detect factor XIII deficiency. The perioperative use of thrombelastography (and, in Europe, specifically, rotational thrombelastometry) is increasing as it provides rapid information on various clot properties. 1 The main determinants of the results of activated whole blood thrombelastography are zymogen concentrations, 2 fibrinogen concentration, 3 and platelet count. 4 For discrimination of the platelet-independent coagulation response, thrombelastographic assays are performed before and after platelet inhibition: cytochalasin D prevents activation by inhibiting platelet cytoskeletal reorganization. 5 Parallel use of assays with and without cytochalasin D delineates the differential contribution of platelets to overall clot firmness. 6 Inhibiting platelets in thrombelastography makes these assays mainly dependent on coagulation factor concentrations, 7 specifically fibrinogen. 8, 9 A retrospective study of unselected surgical patients (n ϭ 1076) found an excellent correlation between fibrinogen results (Clauss method) and platelet-independent activated whole blood thrombelastography. 10 For samples with low maximum clot firmness (MCF) (amplitude Ͻ10 mm, n ϭ 150), the correlation with fibrinogen levels was only moderate with no signal at all in 27 patients, despite measurable fibrinogen concentrations between 0.8 and 1.67 g/L. 10 This variability was confirmed for low-range thrombelastographic results and fibrinogen levels in a prospective study in trauma patients, 3 with the amplitude ranging from 4 to 11 mm at 1.5 g/L fibrinogen and fibrinogen ranging from 0.5 to 2 g/L at 5-mm amplitude.
Changes in factor XIII concentration significantly influence thrombelastographic results, 11 and platelets are a relevant source of factor XIII. 12 Decreased factor XIII activity (i.e., factor XIII deficiency) prolongs clot formation time (CFT) in plasma. 13, 14 Using an inhibiting anti-factor XIII antibody induces similar changes and will, therefore, further increase the prolongation of the CFT of a sample that is already partially deficient in factor XIII. 15 Thus, adding a fixed amount of anti-factor XIII antibody will make a CFT-based assay sensitive for a preexisting factor XIII deficiency.
There is evidence from the literature that platelet function inhibition through monoclonal glycoprotein (GP) IIb/IIIa antibodies and cytochalasin D is mediated through two different pathways, 16 and it is therefore recommended that maximum platelet inhibition is best established with a combined approach. 7 Therefore, we evaluated (a) whether in vitro inhibition of factor XIII with neutralizing anti-factor XIII antibody or further platelet inhibition with anti-GPIIb/IIIa antibody might influence platelet-inhibited, activated thrombelastography results and (b) whether ex vivo factor XIII inhibition could be used to establish a thrombelastographic assay for detecting factor XIII deficiency in whole blood rather than plasma.
METHODS
Two sets of experiments were performed: Set A, antibody-mediated inhibition experiments to evaluate the respective influence on "FIBTEM" (see below) results; and Set B, a pilot evaluation of a thrombelastographic assay using an anti-factor XIII antibody to evaluate its ability to detect factor XIII deficiency. All experiments were performed in accordance with the Declaration of Helsinki.
All samples were collected into Vacutainer tubes containing 0.105 M (3.2%) buffered sodium citrate (BD Diagnostics, Basel, Switzerland). For all thrombelastographic assays, citrated whole blood was used on a ROTEM analyzer (Pentapharm, Munich, Germany) with the respective commercially available reagents. Factor XIII activity in samples used for whole blood assays was determined as follows: one part of the respective sample was used for performing the whole blood thrombelastographic assays; another part was used to prepare plasma for factor XIII activity determination using the Berichrom F XIII assay (Siemens, Marburg, Germany). This is a standard chromogenic assay for determination of factor XIII activity, which is used for the clinical and the research setting, the reference range being 70%-140%. 17 For Set A, three samples from a healthy volunteer were obtained after informed consent; experiments were performed in triplicate. The sample-size calculation was based on the results by Nielsen et al., 15 who showed a clear reduction in clot strength with the use of an anti-factor XIII antibody in plasma ("total thrombus generation" 165 Ϯ 15 dynes/cm 2 with a nonspecific antibody versus 75 Ϯ 12 dynes/cm 2 with a specific anti-factor XIII antibody). Using these numbers results in only a small calculated sample size (n ϭ 2) (Type I error 0.05 and Type II error 0.1). Because our planned experiments differed from those performed by Nielsen et al. (we used whole blood instead of plasma and a different device to perform the thrombelastography), we increased the sample size (n ϭ 3). Platelet count, fibrinogen concentration, and factor XIII activity (Multifibren U and Berichrom F XIII on a Behring Coagulation System analyzer, Siemens) were determined using standard analyzers and procedures according to the recommendations of the manufacturers.
For Set B, routine blood samples of unselected surgical intensive care patients were used after IRB approval. The sample-size calculation to detect a significant difference between areas of 0.8 vs 0.5 under receiver operating characteristic (ROC) curves (with a Type I error of 0.05 and a Type II error of 0.2) resulted in a necessary sample size of n ϭ 28. However, only 25 samples could be evaluated with the amount of antibody available. Again, factor XIII activity was determined in these samples using the Berichrom assay.
The anti-factor XIII antibody used in Set A and Set B experiments was a rabbit antihuman polyclonal immunoglobulin (Ig)G antibody against factor XIII subunit A. The inhibiting properties of this antibody were verified in a plasma assay based on the data by Nielsen et al. 15 Thirty microliters of various antibody dilutions (no antibody, 1:3, 1:10, 1:30, and 1:100) was incubated in 200 L of commercially available standard human plasma (Siemens Healthcare Diagnostics, Deerfield, IL) and 50 L of normal saline at 37°C for 10 min; factor XIII activity was determined (in duplicate) again using the Berichrom assay.
For Set A, three series of in vitro experiments were performed. First, the neutralizing (polyclonal rabbit antihuman IgG) anti-factor XIII antibody was diluted 1:5 with normal saline. Whole blood samples (300 L) were incubated for 20 min at room temperature with different volumes of the diluted anti-factor XIII antibody, resulting in antibody concentrations of 37, 71, and 104 g/mL in the samples to be evaluated. A nonspecific anti-human IgA antibody solution diluted to yield identical volumes and final concentrations (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was used for control.
Second, a monoclonal anti-GPIIb/IIIa antibody (abciximab, ReoPro, Lilly Deutschland GmbH, Bad Homburg, Germany) was incubated with 300 L of citrated whole blood for 20 min at room temperature to yield sample antibody concentrations of 1, 2, and 10 g/mL. The IgA antibody used for control was again diluted to yield identical volumes and final concentrations.
To perform these two lines of experiments, a commercially available, platelet-inhibited, and tissue factor-activated whole blood thrombelastographic assay ("FIBTEM") was performed on a ROTEM analyzer according to the recommendations of the manufacturer. The FIBTEM assay contains cytochalasin D for prevention of platelet cytoskeletal reorganization and thus platelet activation. 5, 7 The coagulation time (CT, i.e., the time [in seconds] from beginning of measurement until a clot formation can be detected), the CFT (i.e., the time [in seconds] between first detection of clot formation until an amplitude of 20 mm is reached), the MCF (i.e., the maximum amplitude of the thrombelastogram [in millimeters]), and the lysis index 60 (LI60, i.e., the amplitude after 60 min in percentage of the MCF, which is a measure of fibrinolytic activity) were analyzed (Fig. 1) .
In Set B, the potential of using anti-factor XIII antibody in a thrombelastographic assay to detect factor XIII deficiency was evaluated: the anti-factor XIII antibody (final concentration of 71 g/mL) was added to whole blood before it was evaluated in a tissue factor-activated thrombelastographic assay ("ExTEM") without platelet inhibition and using the CFT as the readout (see also Introduction). Routine blood samples obtained from 25 patients on the surgical intensive care unit were evaluated after IRB approval.
Statistical analysis was performed using SigmaStat 
RESULTS
Platelet count (184 G/L), hematocrit (44.7%), international normalized ratio (1.0), activated partial thromboplastin time (28 s), fibrinogen level (2.66 g/L), and factor XIII activity (134%) in the samples used for Set A of experiments were all in the normal range.
Set A of Experiments

Effect of Nonspecific Antibody
Compared with the anti-factor XIII antibody, the nonspecific antibody did not alter CT, CFT, MCF, or LI60 ( Table 1) .
Effect of Anti-factor XIII Antibody
To ascertain the properties of the factor XIIIinhibiting antibody, its concentration-dependent factor XIII-inhibiting potency was confirmed by incubation in commercially available standard plasma.
Incubation of increasing antibody dilutions with the standard plasma led to almost complete inhibition of factor XIII activity at the highest antibody concentrations used. Residual factor XIII activity as percentage of a control sample was 93%, 67%, 15%, and Ͻ7% with increasing antibody concentrations (7, 23, 69, and 228 g/mL).
In contrast, whole blood incubation with increasing antibody concentrations (0, 37, 71, and 104 g/mL) resulted in measured factor XIII activity of 133% Ϯ 3%, 67% Ϯ 1%, 42% Ϯ 2%, and 40% Ϯ 2% (mean Ϯ sd).
Thrombelastographic results obtained in whole blood after incubation with anti-factor XIII antibody are shown in Table 1 , which shows that the anti-factor XIII antibody, compared with the nonspecific antibody, significantly prolongs CFT and reduces MCF and increases fibrinolytic effects on the clot. It can also be seen that this effect on the CFT is not further increased with an antibody concentration higher than 71 g/mL, well in line with the results of residual factor XIII activity measured in whole blood after antibody inhibition (see above).
Effect of Anti-GPIIb/IIIa Antibody
Incubation of whole blood samples with increasing concentrations of platelet-inhibiting anti-GPIIb/IIIa antibody 18, 19 did not lead to results different from those obtained with the nonspecific antibody present in identical concentrations.
Set B of Experiments
Using Anti-factor XIII Antibody in ExTEM for Estimation of Factor XIII Activity Using the anti-factor XIII antibody in the extrinsically activated whole blood thrombelastographic ExTEM assay (unlike the FIBTEM assay, the ExTEM assay is routinely performed without platelet inhibition), it was possible to distinguish between factor XIII activity below and above the lower cutoff of the normal range (70%) 17 with 90% sensitivity and 90% negative predictive value and 60% positive predictive value when using the CFT (cutoff Ͼ191 s) as the readout (area under the curve [AUC] for the ROC curve is 0.803, 95% confidence interval 0.597-0.933, P ϭ 0.0015 for difference from AUC 0.5). For determining factor XIII activity below or above 60%, which is believed to be clinically relevant, 20 -22 the sensitivity and negative predictive value is 100%, and positive predictive value is 42% with an AUC of 0.84 (95% confidence interval 0.639 -0.954, Fig. 2 ).
DISCUSSION
The main finding of our study is that inhibition of factor XIII with a polyclonal, neutralizing antibody in an activated whole blood thromboelastometry assay with platelet inhibition significantly prolongs CFT, decreases MCF, and increases fibrinolytic effects on the clot. Platelet-inhibited thrombelastographic assays are increasingly used as a surrogate marker for fibrinogen concentration and to trigger and guide procoagulant therapy, especially in Europe. Other authors have shown that factor XIII is an important contributor to clot properties in thrombelastographic experiments: adding factor XIII concentrate to factor XIII-deficient plasma increases the maximum amplitude and the ␣-angle, a marker of clot propagation velocity, in vitro. 11 Using a celiteactivated method, antibody-mediated factor XIII inhibition induces a concentration-dependent decrease in the velocity of clot propagation and clot strength, similar to the results observed in factor XIII-deficient plasma. 15 Our experiments revealed similar results but were generated in whole blood and with tissue factor activation. This suggests that factor XIII has important influence on routine whole blood thrombelastographic assays (as used in this study), which are, as mentioned, increasingly used for clinical decision making in a point-of-care setting.
The fact that the coagulation time is not prolonged with incubation of anti-factor XIII antibody can be easily explained because it is dependent on the occurrence of fibrin aggregation (which is not factor XIII-dependent) Figure 2 . The receiver operating characteristic (ROC) curve for the new thrombelastographic assay to detect factor XIII deficiency (cutoff: activity Ͻ60%) is shown. A baseline value without antibody incubation (no antibody) is also displayed for comparison. Clot formation time (CFT) and fibrinolytic effects are significantly increased whereas clot firmness is significantly decreased after incubation with anti-factor XIII antibodies when compared with nonspecific antibodies. CT ϭ coagulation time; MCF ϭ maximum clot firmness; LI60 ϭ lysis index 60. *Bold print P Ͻ 0.05 compared with nonspecific antibody at the same antibody concentration.
but not dependent on ␥ chain cross-linking (which is factor XIII-dependent). 23 Furthermore, experiments with a synthetic peptide-inhibiting fibrin polymerization indeed show that only clot formation is retarded. 24 Confirmatory assays prove that the antibody used here is able to almost completely inhibit factor XIII activity in plasma. However, it was not possible to induce complete inhibition of factor XIII activity in whole blood under the conditions tested. Similar results were observed with the thrombelastographic assay for CFT, MCF, and LI60. This suggests that there are differences in antibody-mediated factor XIII inhibition in whole blood and plasma: obviously, there is residual factor XIII activity that escapes antibody inhibition in whole blood as compared with plasma. One explanation is that incubation of whole blood with the antibody will not reach and thus not inhibit intracellular factor XIII, as shown in a case of an acquired factor XIII inhibitor in which plasmatic factor XIII was inhibited but intracellular factor XIII was unaffected. 25 Intracellular factor XIII A subunit is found in significant amounts in macrophages and platelets, 26, 27 which is immediately active on liberation. 28 Also, the antibody used here is polyclonal, and it is well established that such preparations show some heterogeneity, 29 which by itself can explain different inhibition results with different conditions, e.g., plasma or whole blood.
Besides the experiments with anti-factor XIII antibodies, our results also demonstrate that the assay used here (FIBTEM) is not sensitive to further platelet blockade with an anti-GPIIb/IIIa antibody. This is important because platelets are a source of factor XIII-associated protein cross-linking activity upon platelet activation. 12, 30 Of note, however, is that the platelet count was normal in our experiments; it therefore remains to be elucidated whether the same conclusions would hold true for samples with increased platelet counts.
Because thrombelastographic results after platelet inhibition are increasingly used as a surrogate marker for fibrinogen concentration and therefore to trigger and dose fibrinogen therapy during intraoperative bleeding, 8, [31] [32] [33] it seems important to interpret our results in this perspective. Indirect support for the relevance of our results comes from the fact that thrombelastographic assays need to be replenished with activated factor XIII to yield a good linear correlation between the thrombelastographic signal and functional fibrinogen levels. 8, 34 From a clinical point of view, intervening in patients with inadequate factor XIII concentration seems relevant because a recent study shows that administering factor XIII in patients at high risk for bleeding prevents loss of clot firmness, blood loss, and loss of fibrinogen 35 ; the reduction in loss of fibrinogen is possibly due to factor XIII-mediated protection of fibrinogen from fibrinolytic degradation. 36 Because of its short turnaround time, thrombelastography has clearly enhanced the possibility to provide a fast differential diagnosis in perioperative bleeding. Given the potential relevance of a factor XIII deficiency in this setting, 35 it seems desirable to develop tests that allow fast detection of a factor XIII deficiency. Our pilot evaluation indicates that such an assay is feasible (Fig. 2) .
There are potential limitations to our study. Samples in which a neutralizing antibody is used might behave differently as compared with samples that are deficient in factor XIII; however, factor XIII inhibition by antibodies is an accepted tool to evaluate the influence of an induced deficiency on the clotting process. 37 Also, we cannot exclude that other thrombelastographic platforms and assays than the ones evaluated here might show different results after factor XIII inhibition; however, other groups have reported comparable results with a different platform, different reagents, and using plasma instead of whole blood. 15 Finally, because the current results are derived from in vitro or ex vivo experiments, they cannot give proof that either the influence of factor XIII on thrombelastographic results or the early detection of factor XIII deficiency by thrombelastography will result in improved patient care; however, the results of a recent randomized placebo controlled trial suggest that this might very well be the case. 35 In conclusion, factor XIII is an important contributor to clot firmness in routine thrombelastographic measurements as used in the perioperative setting. The influence of a potential factor XIII deficiency should, therefore, be considered when interpreting such assays. Thrombelastographic assays to detect factor XIII deficiency are feasible. Further clinical studies are needed to determine the potential influence of the detection and treatment of (absolute or relative) factor XIII deficiency on outcome in surgical patients.
